Glycerol in wine originates mainly as a by-product during fermentation by yeast and is thought to add to the body and smooth mouth-feel. We evaluated the properties of Chardonnay wine produced using various wine yeast strains of Saccharomyces cerevisiae and hybrid strains that were bred to produce elevated glycerol concentrations in laboratory trial experiments. The wine yeast strains (commercial strains or strains from culture collections) produced a mean glycerol and ethanol concentration of 4.38 and 101.2 giL (12.8% v/v; n=26) respectively, whereas the glycerol and ethanol concentrations in wine made using the hybrid strains was 7.18 giL and 96.0 giL (12.2% v/v; n=15). Considerable variability in the glycerol-producing ability of the wine yeast and hybrid strains was apparent. Coupled to the higher glycerol levels formed by the hybrid strains, acetic acid, volatile acidity, acetoin, acetaldehyde and 2,3-butanediollevels were higher than the levels produced by the wine yeast strains. The levels of some of these metabolites were strongly linked to elevated glycerol production. The hybrid strains fermented the Chardonnay grape juice more slowly than the wine yeast strains, but in most instances dryness was achieved. The concentrations of miscellaneous metabolites (alcohols, acids and esters) were in most instances similar in the wine made with the wine yeast strains and hybrid strains, indicating that the breeding of yeast to produce higher glycerol levels has a minor influence on the production of these compounds. In a wine production experiment one hybrid yeast strain producing elevated glycerol levels yielded a Chardonnay wine with a better or equivalent body than wine made with commercial wine yeast strains, although the aroma and general quality were worse. These results suggest that further breeding and selection might yield yeast strains for fermentation that improves the body of wine without impacting on the overall balance of wine.
Glycerol is an important alcohol with a slightly sweet taste formed as a by-product in wine during the fermentation process and is the most abundant constituent except for ethanol and carbon dioxide (Scanes et al., 1998) . The levels of glycerol in must from healthy grapes is low, but during fermentation between 4 and 10% of the sugar in must is converted to glycerol (Radler & Schutz, 1982) , depending upon the yeast strain, medium and process conditions. The final glycerol levels in wine are generally found to be between 7 and 10% those of ethanol (Ciani & Ferraro, 1996) . Typically glycerol levels in wine are approximately 5-7 giL (Mattick & Rice, 1970; Rankine & Bridson, 1971) , but the levels in red wine are generally higher than those found in white wines. The relationship between wine quality and glycerol levels is uncertain, although it is thought that at the concentrations found in wine it may contribute to smoothness (Eustace & Thornton, 1987) and enhance flavour components in beverages (Eustace & Thornton, 1987; Omori et al., 1995) .
Many environmental factors influence the production of glycerol by yeast (Scanes et al., 1998) . These factors include fermentation temperature and pH, sugar, nitrogen and sulphur dioxide concentrations in the must, the grape variety and aeration during fermentation. However, there are limits to the increases in the glycerol concentration that the winemaker can achieve by manipulating the fermentation conditions. The amount of glycerol produced is also influenced by the S. cerevisiae strain used in the fermentation (Rankine & Bridson, 1971) . This points to considerable genetic diversity in the ability to synthesise glycerol and the possibility that breeding of yeast would be the most successful way to increase glycerol levels in wine (Radler & Schutz, 1982) . Two approaches have been attempted to attain this goal. Many of the S. cerevisiae genes involved in glycerol synthesis and retention have been cloned and characterised (Prior & Hohmann, 1997; Hohmann, 1998) . Over-expression of some of these genes in yeast strains has resulted in glycerol concentrations greater than 15 giL being achieved (De Barros et al., 1996; Michnick et al., 1997; Rernize et al., 1999) . However, the use of yeast strains manipulated using molecular techniques has not yet gained wide acceptance among winemakers and alternative ways to increase glycerol production using classical genetic techniques have been considered. Breeding programmes have yielded S. cerevisiae strains that produced glycerol levels at least two-fold greater than those found in the parent strains (Eustace & Thornton, 1987; Prior et al., 1999) . Little information is available on the performance of hybrid yeast strains producing elevated glycerol levels. Therefore the purpose of this study was to investigate the fermentative activity and metabolite formation by these strains under oenological conditions and to compare these with wine produced using commercial wine yeast strains and strains from culture collections.
MATERIALS AND METHODS
Yeast Strains: The hybrid strains of S. cerevisiae were bred for production of elevated levels of glycerol by back-crossing three times a Premier Cuvee strain with yeast strain Ba25 isolated from a spontaneous wine fermentation as described by Prior et al. (1999) or by further crossing as described in Table 2 . Other strains were obtained from wine yeast collections (Table 1) or from commercial sources. Strains were maintained in glycerol at -80°C.
Medium and cultivation: The yeast were cultivated in YPD broth (2% glucose, 2% peptone and 1% yeast extract) at 30°C overnight. a) Laboratory trial experiments. The culture (5 mL; approximately 106 cells/mL) was transferred to triplicate bottles (750 mL with fermentation caps) containing 500 ml previously frozen grape must prepared from Chardonnay grapes harvested in February 1998. The must composition was 22.8°B, 8.7 giL total acidity and pH 3.18. Fermentation was conducted at l5°C until carbon dioxide loss ceased (approximately 30 days). b) Wine production experiments. Three cultures were investigated in greater detail during small-scale wine production. For this 180 mL of the culture was inoculated into duplicate stainless steel canisters containing 18 L of freshly prepared Chardonnay must (22.8°B, 7.7 giL total acidity, pH 3.65, 18 mg/L free S02 and 50 mg/L total S02) harvested in February 1999. Di-ammonium phosphate (0.5 giL final concentration) was added and the fermentation was conducted at 15°C (approximately 53 days). After fermentation, 50 mg/L so2 was added and after racking off the yeast lees, the free S02 was adjusted to 35 mg/L. Bentonite (0.75 giL) was added to the wine which was then cold stabilised at ooc for one week, filtered and transferred to five bottles according to standard practices for white wine production.
Analyses: Carbon dioxide loss from the fermentation containers was determined by daily measurement of the weight reduction. Glucose, fructose and glycerol concentrations were determined by high-performance liquid chromatography (Dionex DX 500 system with a GP50 gradient pump and an ED 40 pulsed amperometric detector with a gold electrode). The compounds were isocratically separated with a CarboPac PAlO column and a PAlO guard column with 50 mM sodium hydroxide as eluent. Glycerol concentrations were also determined in some instances using a glycerol test kit (Boehringer-Mannheim Cat No 148270) . Reducing sugar, volatile acidity and free and total sulphur dioxide concentrations were determined as described by Amerine & Ough (1980) . 2,3-Butanediol was extracted (Michnick et al., 1997) and together with ethanol was quantified by gas chromatography (Hewlett-Packard Model 6890 gas chromatograph with a flame ionisation detector and INNOwax capillary column; 30m length; 0.25 mm internal diameter; 0.25 Jlm film thickness) with helium as carrier gas. The temperature of the injection block and detector was maintained at 250 and 300°C respectively. Succinic acid was determined by using a succinic acid test kit (Boehringer-Mannheim Kit no 176281). The concentrations of acetic acid, acetoin, acetaldehyde and other miscellaneous metabolites were determined by adding 4 mL of a solution (2.2 mg/L) of 4-methyl-2-pentanol (internal standard) and 30 mL of diethyl ether to 50 mL of the Chardonnay wine. Following mechanical agitation for 30 min, the top ether layer was separated. The extracts were analysed by gas chromatography using a Hewlett-Packard model 5890 series II gas chromatograph with a Lab Alliance capillary column (60 m length; 0.32 mm inside diameter; 0.5 11m film thickness) with hydrogen as carrier gas and a split ratio of 1:20. The temperature of the injection block and detector was maintained at 200 and 250°C respectively. The column temperature programme was: 35°C (10 min)-3°C/min-2300C (0 min). The peaks of the separated compounds were quantified using a Hewlett-Packard 3396A integrator by using standard solutions.
Sensory evaluation: Batches from the three wines produced using yeast strains VIN13, N96 and XPB3-5C were ranked for aroma, body (mouth-feel) and general quality by a panel of six experienced judges in a randomised fashion according to standardised statistical procedures.
RESULTS
Wine yeasts (26 strains) obtained from various sources were found to produce a mean glycerol concentration of 4.38 giL in Chardonnay must (Table 1 ). The glycerol concentrations produced by the strain UCD765 was 43.8% higher than the mean value, whereas the lowest glycerol concentration (strain UCD51) was 27.2% less than the mean value. The ethanol concentrations (mean value of 101.2 g/L) in the Chardonnay wine are typical of those found in wine. The mean ratio of ethanol to glycerol was 23.1:1. With strain UCD765, the ratio was as low as 16.1:1 because of the high glycerol level produced, whereas a ratio of 33.7:1 was observed in the wine produced using strain UCD51 as the strain produced a low glycerol concentration.
Wine produced by 15 S. cerevisiae hybrid strains bred for elevated glycerol production (Prior et al., 1999) resulted in a mean glycerol concentration of7.18 giL ( Table 2 ) that was 64% greater than the mean concentration produced by the 26 wine yeast strains (Table 1) . The highest glycerol concentration of 9.95 giL produced by strain XPD3-4D was, however, lower than the level of 15.7 giL formed by the same strain in a glucose synthetic must at 23°C (Prior et al., 1999) . This observation suggests that the medium composition and temperature of fermentation might influence the glycerol levels in wine (Scanes et al., 1998) . The mean ethanol concentration of 96.0 giL fermented by these hybrid strains was lower than the mean value obtained with the wine yeast strains (101.2 giL). Furthermore, the ratios of ethanol to glycerol concentration were much lower (Table 2 ) than those observed in wine fermented with the wine yeast strains (Table 1) . The ethanol levels were markedly lower in wines with elevated glycerol concentrations (Table 2) .
A comparison of the fermentation products of wine produced from Chardonnay must by wine yeast strains and hybrid strains with elevated glycerol concentrations are shown in Table 3 . The hybrid strains took approximately 30% longer to attain the maximum carbon dioxide production than the wine yeast strains and the maximum rate of carbon dioxide production was 27% lower. Breeding of the yeast strains for elevated glycerol production also affected the concentrations of the other metabolites. Levels of volatile acidity, acetic acid, acetoin and 2,3-butanediol and to a lesser extent acetaldehyde were markedly greater in the wine pro- duced using the hybrid strains than the wine yeast strains. The hybrid strains produced only slightly lower total so2 levels than the wine yeast strains and this might reflect the possibility of interaction between the so2 and the higher acetaldehyde concentration produced by the hybrid strains (Table 3 ). The wine strains and hybrid strains were similar in their ability to ferment the must to dryness. No clear relationship between glycerol levels produced by the wine yeast strains (commercial and from culture collections) and levels of acetic acid, volatile acidity, 2,3-butanediol and acetoin was apparent (Fig. 1 A, C, E, 1) . However, acetaldehyde levels appeared to increase with glycerol levels (Fig. 10) . On the other hand, a clearer relationship between the levels of glycerol and acetic acid, volatile acidity and 2,3-butanediol was evident in the hybrid strains (Fig. 1 B, D, F) . This suggests that the breeding of hybrid strains to produce elevated glycerol concentrations might not only select for the genes responsible for glycerol synthesis. Acetaldehyde and acetoin levels in these strains did not appear to be affected by the higher glycerol production (Fig. 1 H, J) .
The concentrations of only some of the miscellaneous metabolites differed significantly between wine produced by the 26 wine yeast strains and the 15 hybrid strains producing elevated glycerol levels (Table 4) . Especially notable are the higher concentrations of propanol and propionic acid and the lower levels of hexanoic and octanoic acids produced by the hybrid strains. Many of these metabolites are implicated in the bouquet and odours of wine, and the results suggest that the selection of wine strains for elevated glycerol production might affect some of the sensory properties.
TABLE4
Miscellaneous metabolites (mg/L) in wine from Chardonnay must (n = 1) produced using various wine yeast strains (n = 26) and hybrid strains bred for elevated glycerol levels (n = 15) in laboratory trial experiments. Strains WE372, N96, VIN13, XPB3-5C, XMB6, UCD756 and UCB8 were chosen to ferment fresh Chardonnay must under wine-production conditions in stainless steel canisters. Only strains N96, VIN13 and XPB3-5C fermented the must to dryness and the wine produced by these strains were subjected to detailed metabolite and sensory evaluation (Table 5) . Strains VIN13 and N96 are commercial yeast strains commonly used in South Africa and these strains, together with hybrid strain XPB3-5C, were found to have a rapid fermentation rate (maximum 3.5 g carbon dioxide per day) compared to the strains evaluated in this study (data not shown). The three strains fermented the must to produce similar levels of ethanol and residual reducing sugar (Table 5) . The glycerol concentration produced by strain XPB3-5C was greater than that formed by the two commercial wine strains. The level was higher than that found in initial evaluation under laboratory trial conditions (Table 2) , but was lower than the value reported for this strain in glucose synthetic must (12.7 giL; Prior et al., 1999) . As noted above, the breeding of yeast strains for ele- TABLE 5 vated glycerol production resulted in increased levels of acetic Evaluation of Chardonnay wine produced by selected S. cerevisiacid, acetoin, 2,3-butanediol and volatile acidity in the wine and ae strains (mean of two determinations) in wine production some of these components might have a negative impact on the experiments. sensory properties. In addition, the hybrid strain yielded higher succinic acid concentrations than the two commercial strains. No Item Strains relationship between the concentrations of glycerol and miscella-VIN13 N96 XPB3-5C neous alcohols, esters and acids was evident.
When the sensory properties of wines produced in two batches Chardonnay wine from one batch produced using strain XPB3- The levels of glycerol found in the Chardonnay wine produced by Californian white table wines (Ough et al., 1972) . However, the marked variation of the ability of certain strains to produce highMiscellaneous Esters er glycerol levels has also been observed in other studies
Ethyl acetate (mg/L) 208 156 186 (Rankine & Bridson, 1971; Radler & Schiltz, 1982) . This genetic
Ethyl butyrate (mg!L) 1.17 1.86 1.14 variability was used by Prior et al. (1999) Rankine, 1971; Ough et al., 1972) fermentation broth (Radler & Schiltz, 1982; Prior et al., 1999) . This suggests that, apart from the strain genetic variability, envi- (Scanes et al., 1998 increase in glycerol-3-phosphate dehydrogenase activity (Eustace & Thornton, 1987) . This suggests that the use of genetic crossing EVALUATION" techniques to increase glycerol in yeast strains suitable for wine Aroma (rank) 2 3 fermentation might be limited to a 50 to I 00% increase. Some strains to increase glycerol levels (Michnick et al., 1997; Remize et al., 1999) . For example, over-expression of the GPDI gene a Evaluated on a scale from 1 (best) to 3 (worst).
(encoding glycerol-3-phosphate dehydrogenase) in laboratory S. cerevisiae strains can result in glycerol levels greater than 25 giL being obtained (up to five-fold increase). However, the over-expression of GPDJ in commercial wine strains resulted only in a 1.5-to 2-fold increase in glycerol level (Michnick et al., 1997) . Similar increases were observed in strains subjected to genetic crossing and selection (Eustace & Thornton, 1987; Prior et al., 1999) .
The increase in glycerol levels in wine made with hybrid yeast strains was coupled to increases in levels of other metabolites, some of which could be deleterious to the overall organoleptic properties ofthe wine (Table 3) . Particularly notable were the levels of acetic acid, volatile acidity and 2,3-butanediol. Acetic acid contributes a major part of the volatile acidity component and is a desirable flavourant at normal levels in wine ( < 0.3 giL; Jackson, 1994) . The acetic acid and volatile acidity levels observed in the wine made with the hybrid strains is in excess to those acceptable in wine. This must be considered to be a major disadvantage of these hybrid strains bred to produce elevated glycerol concentrations as the organoleptic properties of wine are spoilt. Metabolites such as 2,3-butanediol are thought not to have a significant impact on the sensory properties of wine (Boulton et al., 1996) . Studies with yeast strains specifically over-expressing GPDJ also produced higher amounts of these metabolites. For example, Remize et al. (1999) found that the glycerol levels produced by a strain transformed with GPDJ increased 2.2-fold, whereas the levels of acetic acid and 2,3-butanediol increased 2.8-and 8-fold respectively. The levels of succinic acid also increased by 2.8-fold. By comparison, the hybrid strains in our study produced 1.6-fold higher glycerol levels than the wine yeast strains, but the acetic acid and 2,3-butanediol levels were respectively 2.3-and 5.4-fold greater. We only measured the succinic acid concentration in wine produced by one hybrid strain (XPB3-5C) and this was also higher than the concentrations produced by the commercial wine strains (Table 5) . Succinic acid contributes a bitter or salty taste to wine, although the upper limit of acceptance level in wine has not been firmly established (Jackson, 1994) . The levels of acetaldehyde and acetoin in wine produced using the hybrid strains were higher than in wine made with wine yeast strains, but these levels together with succinic acid are within the acceptable concentrations found in wine (Remize et al., 1999) . Recently attempts have been made to reduce acetic acid production by disrupting the ALD6 gene encoding an isoform of acetaldehyde dehydrogenase. This resulted in the production of lower acetic acid concentrations, but also led to higher concentrations of other metabolites such as 2,3-butanediol (Remize et al., 2000) .
The increases in glycerol concentrations produced by yeast are thought to be linked to acetaldehyde and acetate accumulation resulting from redox imbalances ( Fig. 2 ; Jones, 1989 ). Interestingly, the increased level of 2,3-butanediol produced from acetoin would also result in an increase in NAD+, suggesting that this reaction might also contribute to the redox imbalance. This reaction might respond as a mechanism to detoxify acetaldehyde (Remize et al., 1999) as was observed in higher eucaryotes (Otsuka et al., 1996) , although the activity of the pathway is apparently low in yeast (Jones, 1989) . These observations point to a complex interaction between the concentrations of metabolic intermediates and cofactors within the yeast cell that is not fully understood at present.
Breeding of the strains for elevated glycerol production apparently only affected the concentration of a few miscellaneous alcohols and acids and none of the esters (Table 4 ) that contribute to the sensory properties in wine (Jackson, 1994) . This suggests that the pathways leading to the synthesis of these compounds are not influenced to a significant extent by the manipulation of the glycerolproducing ability of the yeast. This result was somewhat surprising since the sensory properties of wine produced by the hybrid strain were judged to be not as desirable as the wine produced with the established commercial strains (Table 5 ; data not shown). However, the elevated concentrations of metabolites such as acetic acid found in the wines produced using these hybrid strains might be the major factor affecting the sensory properties. Future strain breeding experiments should focus on ways to reduce acetic acid concentrations while maintaining the higher glycerol levels.
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